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NOr^ENGLATURE 

* Area of shape i 

» Objective fuinction for separating tiny shapes 

*= Mean value of 

SR Any piece 

sss Length of shape i 

*= length of * candidate shape* i 

» Total length of allocation 

SR Length parameter of the current sub-problem to be 
solved 

sss Number of unallocated pieces of shape i 

m Number of unallocated pieces of * candidate shape' i 

*s Number of pieces of ‘ selected shape* i 

«s Total number of shapes in 'candidate shapes set* 

*s Total number of irregular shapes for automatic 

nesting 

as I’/idth of chaps i 
w Width 'of * candidate’ shape* i 

r* Width parameter of the current sub— problem to be 
solved 

m Standard deviation 

» An instantaneous allocation of a piece 
** Candidate shapes set 

* Set of shapes to be allocated automatically on the 
ftocic 

* Weightage variable 
m Length of stock 

* _ Solution set for * selected shapes* 
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ABSTMCT 


The problem of allocating a specified number of two- 
dimensional regular or irregular different pieces on a stock of 
rectangular shape having finite diraesisions is of relevant 
interest to some industrial processes. The problem finds appli- 
cations in ship-building, garmait, leather industries, sheet 
metalcQtttAggeftte • 

An approach is given in the present work for optimal 
layout of two-dimensional irregular shapes using a heuristic 
method. The algorithm produces an approximate solution which 
proves to be of good quality and efficient in terms of computer 
time. It works by hierarchically decomposing original problem 
into many sub-problons such that solution of each will imply a 
good solution of the original problem. The proposed methodology 
has been Impl^aented in the form of a mwu-driven piogramm«aon 
(MEGA 58000 system. Several examples were tested using the 
software developed. 



CHAPTER I 


INTRODUCTION 


1*1 Introduction to Nesting PTOblems 

The problems of allocation of regular and irregular 
shapes arise frequently in applications where it has to be 
determined as to how a set of two dirnsnslonal pieces will fit 
into (or be cut from) a large stock sheet of finite dimensions, 
the object being to maxiiBise the value of pieces fitted (or 
cut) or alternatively minimise the waste. This optimisation 
problem has been solved for a long time manually which needed 
all the more time if the number of shapes were large* Such 
problems appear, for example, in blanking parts from strips, 
cutting a leather piece for making handbags, handgloves, jacket 
shoes etc*, cutting a cloth piece for gaimets^^ cutting of metal 
sheets for 8heet*metal applications (contour cutting of sheets) 
Other applications include cutting of rectangular sheets of 
steel, wood, glass etc*, cutting of paper board for production 
Of boxes* Ship building and railway coach making also involve 
cutting of irregular shapes fr<mi large sheets of metal* 

The method of nesting shapes on a stock must be conn* 
acted to the technological cutting ways wrtiich follow it* 

In4eed, these methods induce some constraints on the relative 
position of the shapes on the stock* On the other hand, accor* 
ding to the application, the material can show some anisotropic 



properties. In some applications, the large stock to be used 
may contain some defective areas and it is required that allo- 
cated pieces must not overlap these defects. Depending upon the 
application other constraints like spatial, position, orienta- 
tion and adjacency may also be specified along with the main 
problem. 

A broad spectrum of the problem is shown in Figure 1 • 

Here a distinction has been made between problems of strip 
layout for blanking applications and stock layout for leather, 
cloth, sheet etc. cutting primarily on the basis of their diff- 
erent problem domains and different approaches for their solutions 

Most of the strip layout problems involve single comp- 
onent whose orientation on the strip is more important than 
its allocation position. On the other hand stock layout problems 
may involve more than one component. Solution approach requires 
that position as well as orientation of the compon®ftt on the 
stock be determined for which wastage is minimum. 

Stock layout problans may be further sub-divided into 
trlm-.loss and knapsack problems (Hinxman [l])» In a knapsack 
problOT each of the ordered pieces is given a value and the 
is to maximize the total value of the pieces to be cut 
irm a stock item. In the trim-loss problem, on the other hand, 
there is a set of integers dg* **.t called ^ the order 
list, which describes the number of pieces of each The 

is to minimise the total cost of the stock items con- 


sumed in satisfying the orders* 
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Spectrum of Nesting Problems* 



Further, both trim-loss and knapsack problems can be 
defined for rectangular as well as irregular shapes and solution 
approaches in both the cases would be different* 

Depending upon the application, rectangular shape 
cutting may be of guillotine or non-guillotine type* A guill- 
otine cutting recwires that a cut is made from one edge to 
the opposite edge of the stock along a straight line* In non- 
guillotine cutting the cut does not extend right through. 

1 *2 Review of the Literature 

Many researchers have contributed to the solution of 
nesting problems in different ways and in various domains* 

Chow [ 2 ] has found an approach for nesting shapes in a 
single or double row on a flat strip* He has presented three 
different approaches* AYC Nee [s] has also reported a simple 
microcomputer based strip layout solution for single row layout 
and pairwisely clustered layout# 

Rectangular-shape cutting stock probl®® has been studied 
by many researchers* Gilmore and Gomory [4, s] have resolved 
the rectangular cutting stock problem by the way of linear 
programming using the algorithm of knapsack problem which 
applies to a guillotine cutting of the material in order to 
give rectangular shapes* Christofides and Whitlock [6] pres^ated 
a tree-sea3%h algorltlm for the rectangular cutting stock problem 
in which there exist constraints on the maximum number of each 
type of piece and all cuts are of guillotine type* Their algo- 
rltlw!, however, is inefficient in terms of computer time when 
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solving problems of larg© size as are often met in practical 
application£. Adamowicz and Albano found an approach for 
guillotine cutting using dynamic progranmdng* Albano and Orsini 
[s] improved their algorithm and presented their ovm proposal 
of a heuristic tree-search approach to the knapsack problaa for 
guillotine cutting. The algorithm is efficient in terms of 
computer time for computing an approximate solution close to 
the optimal. Beasley has presented both heuristic and 
exact algorithms based on dynamic psrogransaing for staged as 
well as non-staged version of the problem. His aigorittans are 
capable of dealing with larg® probl«is. 

Admowicz and Albano [lo] have studied the nesting of 
irregular geometrical shapes on a rectangular stock. The 
method of solution proposed consists of enclosing irregular 
shapes, singly or in combination in minimum area enclosing 
rectangles called ’modules** The*modules'are then packed onto 
the given rectangular stock using a dynamic programming algo- 
rittwi* The effectiveness of the algorithm was shown by compa- 
ring the results with those obtained by using manual methods. 
However, there are other applications in which the kind of 
solution produced is not satisfactory because it is not possible 
to include in the algorithm a number of constraints specific to 
the problem. Albano fllj therefore later proposed a system 
where a tentative solution is generated and then interactive 
improvements are allowed. Although these investigations have 
been successful in handling specific subsets of the general 
optimal two-dimensional allocation problem, their approach. 
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however, has resulted in procedures that are marginally useful 
for applications with a small number of pieces where ah exact 
ordering of the pieces is reouired* 

Alfoano and Sapuppo [l2j have used^heuristic search 
method| for two-dimensional layout of irregular shapes on 
rectangular stock sheet. The problem is reduced to the search 
of an optimal path in a graph and, using a heuristic search 
method, an approximate solution which proves to be of good 
gsiality and efficient in terms of computer time can be obtained. 
In their approach a proper choice of cost estimate 

A AAA 

function hCn) in evaluation function f(n) *= g(n) + h(n) is very 
important as it has direct bearing on the amount of time it 

A 

takes for the solution# Here h(n) is an estimate of expected 
waste and it should always be lower than the waste that would 
result in the optimal solution if the piece in question were to 

A 

be Included in the solution. If h(n) is a good approximation 
to the expected waste then the algorithm will execute fairly 
efficiently most of the time otherwise more search is required* 

A 

And if hCn) is an overestimate then it may lose the optimal 

A 

path. A proper choice of h(n) is however rather difficult to 
decide and therefore need for other method arises. 

t.3 Oblective and Scope of the Preset Woric 

The objective of the present work is to design and 
develop m interactive, adaptive method for optimal arrangement 
of irregular shapes using heuristic techni(pes. ftomber of 
piece#" of each shape to be cut. are also specified. The : 



solution of the problan should minimise wastage or, in other 
words, maximise density of pecking. 

The problem has been studied in ‘the form which was 
considereo: by Albano and Sapuppo [ 12 ] vslth some significant 
diversions in solution approach. Limitations of the cost estl- 

A 

mate function h(n) which is used in their v/ork has been discussed 
in Section 1.2. In the present work this limitation is overcome 
by adopting a different approach for the solution. 

The computer program developed is interactive and user- 
friendlyo Procedures for, automatic as violl as interactive 
nesting have been implemented v^ereby a user can arrange shapes 
on stock interactively like a draftsman does* 

Present ’work falls in the category of trim-loss problems 
having applicability for both irregular as viell as rectangular 
shapes. It has limited scope for strip layout problems* Only 
spatial constraints have been considered in the present work. 

t*4 Organisation of the Woak: 

The present work has beeai organised in the following 

manner, ^ 

Chapter II is an introduction to heuristic techniques, 
their scope and limitations* It describes two heuristic tech- 
niques which are related with the present problsra* 

Chapter III describes the problem in detail and 
erplains the complete methodology of the solution. 

Chapter IV discusses the software details of 'the lapliN* 
mentation and -explains how to ■use the program* 
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Results are discussed in Chapter V* Some limitations 
of the present work are also included in this chapter* 

Chapter VI concludes the work by presenting a summary 
of it and thjrows light upon the various modifications and expan- 
sions of present approach which would make it more useful from 
practical point of view* 



CHAPTER II 


HEURISTIC TECHHigjES 

2*1 Introduction to Heuristic Techniques 

Heuristics means a method which on the basis of exper- 
ience or judgment seans likely to yield a good solution to a 
problem but which cannot be guaranteed to produce the most 
optimum one* 

In order to solve many hard problems efficiently it is 
often necessary to ccmipromlse the requirements of mobility and 
systanaticity and to construct a strategy that is no longer 
guaranteed to find the best answer but that will almost always 
find a very good answer* This is the idea of the heuristic* 
Heuristic technic^es improve the efficiency of a search process 
possibly by sacrificing claims of completeness* Heuristics are 
like tour guides* They are good to the extent that they point 
in interesting directions j they are bad to the extent that they 
can lead into dead ends* Using good heuristics one can hope to 
get good solutions (ev«i if non-optimal ) to haaxi problems in 
reasonably good time* 

2*2 Scope and Limitations of Heuristic Techniques 

In general a heuristic technique will be highly domain 
dependent, that is, it will use information about the particular 
problem for vdiich it is developed in order to find solutions* 

So it may have little or no applicability beyond that particular 
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problem. Even apparently similar problans may require radi- 
cally different heuristic technique. Nevertheless, there are 
some good general purpose heuristics that are useful in a wide 
variety of problem domains. 

In the following sections two important heuristic 
approaches are discussed which are used for Artificial Intel- 
ligence problem solving. The first approach has been adopted 
for the present work^ {Jfhiie Albano and Sapuppo [ 12 ] have used 
the second approach in their work. 

2.3 Heuristic Technlcnies Used in Artificial Intelligence 

2.3.1 The Nearest Neighbour Approach 
Consider the following problan. 

The Travelling Salesman Problm 

. Statement t A salesman has a list of cities, each of 
which he must visit exactly once. There are direct roads 
between each pair of cities on the list. Find the route the 
salesman should follow so that he travels the shortest possible 
distance on a round trip# Starting at any one of the cities 
and then returning to the same. 

The * nearest neighbour method* works by selecting the 
locally superior alternative at each step. Applying it to the 
travelling mlemm problem produces the following procedurti 
1* Arbitrarily select a starting city. 

2. To select the next city, look at all cities not yet visited* 
Select the one closest to the current city. Go to it next. 



3. Repeat step 2 until all cities have been visited. 

If there are N number of cities then the '’nearest 
neighbour method takes time proportional to N scpared while a 
tree -search method would take time proportional to NJ and a 
branch-and»bound would take an average time proportional to e^. 

It has been shown that it is possible to prove an upper 
bound on the error the nearest neighbour approach incurs. Rich 
[l5] has shown that in the worst case when the choices are 
pessimally ordered, fr<Ha worst to best, the ratio between the 
answer found using the nearest neighbour method and the optimal 
answer is less than or equal to (Ig M t l)/2. 

In the average case when the cities are distributed 
at random. Rich [lb] has shown that this approach finds tours 
that are about 20% worse than optimal. 

Details of application of this approach to the nesting 
problem will be discussed in Section 3.5.6*2. 

2.3.2 State Space Search Approach 

Many problems in Artificial Intelligence and operations 
research are solved by a general pa^bl^n solving technique 
based on search through a space of candidate solutions {Nillson 

[is] ). 

The first step consists in associating to the problem 
a set of states and operators transfoiming one state into another. 
The set of states reachable from the Initial state can be seen 
as a direct graph containing nodes corresponding to the states 
and areas corresponding to the operators. With this representation 
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in mind, the solution is seen as a search process for finding a 
path from the initial to any member of a set of nodes called 
the goal or final nodes. 

The algorithm follov/ed for this search is given below, 

1) Put the start node on a list called GENERATED* 

2) If Ga'IERATEB is empty, exit with failure? otherwise continue* 

3) Select a node from GENERATED according to a rule R and put 
it on a list called EXPANDED. Call it n, 

4) If n is a goal node, exit with the solution path? otherwise 
continue. 

5) Expand n, that means generate all its successors. If there 
are no successors, go to step 2? otherwise put them on 
GENERATED, and go to step 2. 
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CBXPTgR III 

DEyELOPMEMT OF INTERACTIVE PRQGRA?Jl 


3,1 Probiam Description and Solution Approach 

In Chapter I the broad speptnim of the nesting problems, 
objective and scope of the present work have been discussed. 

This section describes the problem in detail and enunciates the 
solution approach. The solution approach makes the following 
assumptions t 

im The shapes to be arranged are simplv connected polygons 
without holes. 

2. The stock is rectangular and large enough to contain ail 
the demanded pieces of all shapes. 

3. The shapes can be rotated and allocated anywhere on the stock. 

4. The preferred orientation for any shape is one in which the 
longest edge of the miniraua area enclosing rectangle for 
the shape is along the Icsigth direction of the stock. 

5. Shapes having same are» but different lengths and widths 
are treated as different* 

The constraints which have been considered aret 
1. Any allocation of a shape should not exceed beyond given 
length and width of the stock or a sub-part of it# 

2* Shapes should not overlap one another* 

An interactive computer program' has been developed 
which is semi-automatic in nature* It interacts n^th user^ to 
accept description of shapes and stock | finds out tiny shapes 
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from this set of user defined shapes; suggests a layout automa- 
tically as close to the optimal as possible for all big shapes 
and then allows user to interactively arrange all remaining tiny 
shapes inside waste pockets or in the unallocated space on the 
stock. Shapes are classified as big and tiny using a statistical 
analysis which is similar to the ABC classification of itans in 
inventory management* 

The automatic solution approach for big shapes is based 
on certain heuristic rules and method. It resolves the original 
problem of allocating shapes on a stock having length and width 
as LS and WS respectively into a number of sub-problems having 
different lengths and widths such that solution of each sub- 
problem will produce an optimal solution. 

The software consists of four modules for handling func- 
tions of geometric representation and orientation, determination 
of tiny shapes, automatic rjesting of all big shapes and inter- 
active arrangement of tiny shapes. All the modules are user- 
friendly and menu driven. 

The main algoiitta for the solution is given below. 

Main Alqoritlia 

iiMili i l W illllillll.ii i lW l WP .l i W ilWI M iliiil i^^ 

Step tt Accept geometilc description of shapes and their 
ordered pieces; 

Step 2t OriiBit shapes; 

Step 3i if user wants to separate tiny shapes then 

- interact with user toffind tiny shapes and store 


th«» in liet TINY; 
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- store remaining big shapes in list BIGj 
and if 

else 

- store all shapes in list BIG} 

Step 4t Automatic nesting of all shapes in list BIGj 
Step 5s if list Til"! is not empty then do 

- interactive placofnent of shapes in list 

It the following sections all the steps are described 
separately in detail* The organisation is as follows* 

Section 3 *21 Geometric Representation 
Section 3*3i Orientation of Shapes 
Section 3.4s Detenfiination of Tiny Shapes 
Section 3.5s Automatic Hasting 
Section 3.6s Interactive Placement. 

3«2 Geometric Representation 

Geometry of ail the irregular shapes to be allocated 
and of the resource is approximately represented by polygons 
whose vertices are stored in terms of <x, y) cooixlinatos. The 
polygonal representation has its strength in solving problems 
involving tracing of line or polygon boundaries, computation of 
area, perimeter etc. Moreover graphics output devices can be 
efficiently used by inputting coordinates of vertices of the 
polygon. Such a representation also demands that ail curves and 
a.rcs be approximately represented as polygons. 

The two-dimensional gecstetry of shapes and resource is 
descrifo'fd by straight line segments passing between vertices 
(x|^, y^), i * 1, 2 ... H and 



A softwarejlpackage ' 2D-Modeller' has been implemented 
for interactively creatiiyg any two-dimensional irregular shape* 
Its details are given in Chapter IV. 

3*3 Orientation of Shapes 

All the shapes are oriented in such a way that the 
length of the minimum area enclosing rectangle for each shape 
is preferably along the length direction of the stock. A minimum 
area enclosing rectangle is determined for each shape (Dhande 
and Rttmulu [t4] ) and then this rectangle is rotated in the manner 
as described above* Finally this angle of rotation is used for 
orienting the shape* Otherwise, user may also specify an angle 
of rotation for each shape* The program interacts with user to 
seek his/her acceptance for the preferred orientation, otherwise 
prompts him/her to input the angle of rotation of his/her choice* 

3.4 Determination of Tiny Shapes 

While arranging irregular shapes on a given stock, 
wastage is unavoidable* This wastage can be utilized by inters 
actively arranging tiny shapes inside them. An approach similar 
to the ABC classification of items in inventory management has 
been adopted here to determine tiny shapes. 

Finding out of tiny shapes from a set of shapes which 
are to be allocated on a given . stock requires some formal mathe- 
matical basis* Ckie criteria for this may be to compare areas of 
all the shapes and the shapes which are below some lower bound 
area are Classified as tiny. Since the approach treats two 
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shapes having same areas but different lengths and vd.dths as 
distinct shapes, another criteria may be length too. 

For finding out tiny shapes an objective function 
is defined as 


%{ ) « K ♦ l[i] + (1 ~ K) ♦ a[i] for all i < tt 

where 

t *as total number of shapes to be allocated, 
and 0 ^ K ^ I.Ot 

Here l[i] and a[i] are length and area of shape i respectively* 

The variable K is called the ’weightage variable*. Value 
of K (O^ 1.0) is specified by user when the program is 

executed. 

For each shape, value of objective function is evalu- 
ated and a mean value f is computed as follows! 


Z f| ♦ nfi] 

s i«=1 ^ 

f » % • " - f 

5 "W 

where n[_i] *» number of pieces of shape i*. 

The standard deviation 5“ is givm byi 


Z. n[i] ♦ ifi - ly 
igi 


Z n[i] 
i«1 


This value of the standard deviation becomes the basis 
for separating tiny shapes fr«Ht big shapes* Those shapes whose 
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% less than (f •» G) are classified as tiny and they are not 
considered for automatic nesting procedure. This implies that 
in the present work about i6% of the shapes will be classified 
as tiny shapes. This is based on the assumption that is 
nomally distributed. 

3.5 Automatic Solution Approach 

3.5.1 Teititinoloqy 

In this section some terras are defined in connection 
with the present approach for the solution of the problem. 

1 ) Length of an Irregular Shape s It is the maximum distance 
between two extreme vertices of the polygonal approximation 
of the shape along the length direction of the stock. 

2) Width of an Irregular Shape t It is the maximum distance 

between two vertices of the polygonal approximation of the 
shape along the width direction of the stock. 

Sub^Problem t At any stage of the solution an allocation 

of any shape has to meet the constraints on length and width 
of the stock or a sub-part of it. A sub-problem represents 
a stock or a sub^part of it and specifies new length and 
width within which shapes are to be allocated. In the 
beginning these length and vddth paraneters of the sub- 
problsm are initialised as length and width of the stock. 

4) Candidate Shapes Set Ccsl t It it the set of all those 

unallocated shapes which satisfy the length and width cons- 
traints as prescribed' by a suh**pro5blM 'Under examination and 
can possibly be allocated on the stock. 
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■= jtleW. "cW ). • "c& * A • 

. . . (lj[r]. «^[i], n^frj)}, 

Where C^rJ ^ ^ C^jJ 

l^li] , w^[ij and n^[ij are respectively length, vsidth and 
nuiTiber of unallocatedj^pieces of candidate shape i, 

and 

r » number of ’candidate shapes ' • 

The shapes contained in the set CS are called ’candidate 


shapes' 


ectec 


lapes Sel 


It is the set of the number of 


pieces (ngL^l) of a ’candidate shape* i in the set CS which 
can feasibly be allocated in the given width of the stock or 
a sub-part of it^ as prescribed by the current sub-problem 
being solved# 


SS 

where 




Here each shape i in the set CS whose ^ ® 

called a ’selected shape** 



.-TtwMapproach-forr-:the^:.»olu-tion- -is • a .-combinaticMs-Of-heur-... 
|fj|teaand-‘exac%^:t«ctiaii<^ The solution is found by a sequen- 
tial decision making process based on certain heuristics that 
first finds out all ‘candidate shapes* and then selects shapes 
from this set of * candidate shapes* which can be feasibly 
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allocated on the stock satisfying all constraints on length and 
width* Then applying a placement policy, the most optimuia allo- 
cations for these ’selected shapes’ are found using the ’nearest 
neighbour approach* • After all * selected shapes' have been 
allocated, the procedure replaces the original problem by two 
new sub-problems and decides whether they can be feasibly filled 
by resaaining unallocated shapes* During the process on the 
current sheet at most three parts can be distinguished, the part 
that is already filled, the part currently under examination and 
the part still available for allocation* A new sub-division 
will not affect the first part but it reduces the sire of the 
second* After a sub-problem Is solved the next sub-problam is 
invoked* This process will continue as long as there are pieces 
to be allocated* 

the algorithm developed for the/ solution is given 

below* 

The algorithm is based on the following main heuristics! 
t* Once an acceptable layout of the shapes has been foyond for 
stock or a sub-part of the stock, this will not be reconsi- 
dered, in other words, the remaining decisions do not influ- 
ence a previously solved sub-problem or previously allocated 
Shapes* 

2* The stock or a sub-part of the stock a«e always filled along 
width first# This heuristic is very impo3ftant in 
reducing the diiamsions of the problea* In fact as It will 
be seen in subsequent sections^ at each stage the two- 
dim€ 9 n 8 lonal aliocatien problem is reduced to one-dimaatsional 
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whereby shapes are allocated in the width direction of the 
stock or a sub-part of it# 

3# For a stock or a sub-part of it, always the longest pieces 
are chosen first for finding their possible allocations# 

Use of last two heuristics is supported by the fact 
that it Is adopted by an experienced man to solve this kind of 
problem by hand. 

Automatic Nesting Algorithan ' 

1. Input stock parameters and initialisation! 

2# Sort all shapes in list BIG in order of decreasing length! 

3# While BIG is not empty do 

- generate sub-problems and push them in stgck GENHRATHD} 

- pop next sub-problem to be solved faajm GENERATED! 

- find ‘candidate shapes'^set* for the current sub-problem} 

- find ‘selected shapes set* for the current suts-problem 
and store them in list SELECTED} 

- find optimum allocations for all the * selected shapes' 
in list SELECTED} 

- modify list BIG} 
end while# 

In the following sections each step of the automatic 
nesting procedure is explained in detail# 

3#5#3 ■ Generatl<m of Sub-Probl«as 

definition of the sub-problem was already presented 
in Section 3.5*1# The following paragraph# now explain its 
generation# 




Whenever allocation of ail the shapes of a ’selected 
shapes set* is aorapiete, two new sub-problems are generated. 

This procedure is explained with the help of Figure 2*« The 
figure shovjs a stock and some 'selected shapes* allocated on it. 

In the beginning when ^no shape has been allocated, the 
length and width parameters of the current sil^probleni to be 
solved are length (LS) and width (WS) of the stock respectively 
and the space available for arrangement of irregular shapes is a 
rectangle* After arranging all the * selected shapes*, the space 
available for further allocation is reduced to that shown by 
hatched area. 

This available space is divided into two parts, I and 2, 
as shovsn in the figure and each part is associated with a new 
sub-problffla referred to as sub-problem no* 1 and sub-problem 
no* 2 respectively* 

If and l’^ are length and width respectively of the 
current sub-problem being solved, then length and width parame- 
ters of sub-problem no* 1 will be 1^ and w* - Whereas 
length and width parameters of sub-probl®a no. 2 vdll be 1* - 1^ 
and m* xespectively (Figure 2)* Here 1^ is the length of the 
currently placed selected shape having the maximum extension to 
right and is the width of the stock consumed for this alloc- 
aticwi* 

Parameters of these sub-probl^s are stored in a stack 
structure* therefore the next sub-problem to be solved is 
invoked on the basis of iast-c<»ae-first-serv#d. The sub-problem 
no* t always has precedence over no* 2* 
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If it is not possible to find even a single piece 
which satisfies the required length and width constraints of an 
invoked sub-problen then that sub-*problem is omitted and the 
next one is invoked} otherwise ‘candidate shapes set* and 
‘selected shapes set* are determined for that sub-problem. The 
method and criteria for these#are explained in the next sections. 


3.S.4 Determination of ‘Candidate Shapes Set* 


All irregular shapes in 'candidate shapes set* have to 
satisfy constraint on length 1* as well as width w* as prescribed 
by the sub-problem being solved. Let the demanded set of unallo- 
cated shapes for automatic nesting bei 


DS «« ](1[1], w[l], n[l]), (l[2l, w[2], n[2])» 
(l[t], w[tl, n[t] ) 


e ♦ #■ 


where 

l[i’l ^ 1 [i + l] for all i ^ t} 

Here 

l[i]j w[l] and n[,l] are respectively length, vddth and 
number of unallocated pieces of shape i, 
and 

t »« total number of shapes in the set DS. 

A set , of * candidatesiihapes* Ccs] is obtained itma the 
set DS by the following steps* 

step t i Select the shape in the set DS with m[ij > 0 which ■ 
satisfy the following conditions 

l[i]^ l^ and w[l]^ 
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Here l[i] is called ’reference-length’ and shape i 
is called ’first-candidate*. 

A lower bound is defined ®s ♦ reference-length. 
It was decided to assign a value of 0.9 to 1^ after 
investigating its influence on the layout produced. 

Step 2 t Select all the shapes in the set DS after the ’first- 
candidate’ with n[i] > 0 which satisfy the following 
condition 

l[i];^ * reference-1 engthi 

If l[i] ♦ reference-length) and if l[i + l] < 

(I^ • reference-length) then shape i is called 'last- 

candidate* . 

Step 3 i Include all the shapes between and including the 
’first-candidate* and the ’last-candidate’ in the 
’candidate shapes set*. 

fc *s first-candidate, 

Ic « last-candidate* 

cs * |(1^ [fc] , WgffcJ , n^ [fcj ), (1^ ffc + l], 

w^ [fc + 1] , [fc + 1j . 

Cl^OtcJ, w^[lc] , n^[le])J* 

The cardinality of the set CS denoted by |GS| is 
defined as the number of el^nents in CS* Let 
I CS| « r* 

3*5*5 Deteiwination of ’Selected Shapes Set* ^ ■ 

In Section 3*5*1 the ’ selectedtshapes set* was defined 
as' 
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SS « -<■ ij, . . . 

where 

® ^ i ^ r. 

If w* is the width parameter of the current sub-probiem 
then all the * selected |iih apes’ in SS have to satisfy the foll- 
owing inequality! 

r 

maximiseC Z Wi^fi] * n-fi] ) < (1) 

i*=1 ^ 

The problem of finding a possible combination of the 
’candidate shapes* in the set CS (having width as w^[i]) and 
their individual number of instances (n_Li] ) which satisfy (l) 
is solved by employing a tree-search procedure. Albano and 
Orsini [13] have reported the solution of a similar problem 
known as M-partitions problem using a tree-search method. Their 
algorithm has been used here after making scxiie modifications 
relevant to the present work in it. 

A multiset defined whose elements are 

again a set as shorn belowt 

s[ll » , n^[i]J for all 0 < i ^ r. 

Here w^Ci] abd ng[ij are width and number of pieces of 
a ’candidate shape* 1 and r is the cardinality of the set S 
i*e* fsl » r* . , 

Let B be a binary tree .(Figure 3) with g *s |Sl + I:- 
prime-levels. Each prime-level *g* in turn will have sub-levels 
W where h Bach node of the tree at any level except 
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the leaves have twojisons corresponding to the inclusion or 
exclusion of of the ith shape of the set into the solu* 

tion* Each level of the tree is denoted by a number *g*h* as 
shown in the figure* 

With any node of the tree is associatedi 
1 ) the path from the root up to it represented by a solution 
set 



where 

pfi] » x[i] * nji] , 

Jfft] £ [o* ij. 

and 


0$ ng[i] ^ hgfi] f03C all 0 < i ^ rf 
2) a partial stsi defined by 


J pN 

!c*1 



Every node of the tree at any level stores the partial 
sum as defined above up to that level* The search is stopped 
at any level of the tree as soon as this partial sum becOTnes 
equal to w* and the procedure returns the status of the solution 
set P at that level* If it is not possible to find a suitable 
combination of the ‘candidate shapes* and their individual 
instances whose summation of widths (inequality (1)) is exactly 
equal to w# then the procedure always returns a solution which 
it nearest to the desired solution* 
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In Figure 3 an example of the tree-search procedure as 
described above is illustrated for *= |^(6, 3), (3, 2)]. In 
the present example there are three prime-levels, g s= |s| +1 t= 3. 
The prime-level no# 1 in turn vdll have three sub-levels while 
no. 2 will have only two sub-levels. Inclusion or exclusion of 
w^Li] of the ith shape of the set $2 in the solution is shown 
by associating vdth arcs, 1 and 0 respectively. 

The solution set P *|^p[t], pf2jj is initialised to 
null in the beginning. With every instance of inclusion of 
Wg[i] of the ith element of Sg in the solution, the corresponding 
p[i] in P is incremented by one and the corresponding n^[i] in 
$2 is decremented by one. With this representation in mind the 
solution sets for different values of w* are giv«ri below* 


1. w* « tSf P »s 1^2, 1 j f Figure 4.1. 

2. w» * 22i P *s ^3, lj| Figure 4.2. 

In the last example, the attempt is to find a solution 
which is nearest to the desired solution. 

A recursive algorithm for the solution can be derived 
as follows* 


PRDP(i,ffi, 

where 

i * index of next s[l] to be examinedi 


« » the remaining swii w* - {sura of all the w^[i] used 
upto this point)| 

p <• |j| 9 [jJ is included in the path from the root to 

the eurrwit nodeL 



I l3A31-3Wiyd 


2 13A31-3Wldd 


£13A31 -3Nldcl 
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c s= number of instances of s[j ] included in the path 
from the root to the current nodei 
T » remaining n^[i] in 

sm(l) - £, w [j] in S_s 

It is initially invoiced as PROP(l, NULL, n^Cl])* 
Algorithm 

t • [aii done] if i > r then output Pj 
2* [festliheuristicsj if SlJ/lfi} ;< m then output 

P U (i, i + 1, . . ^jn^jCi]* 
return! 

3. [try to include s[ijJ 

if w^[i] <; m then 
if T > I then 
T « T - 1| 

P » P U I'ij,! 

PRDPCI, m* w^Li], P, T) 
end if 
else 

p = pufi],» 

T » njji + ii]j 
PROPd + 1, m - Wg[i] , P* 
end else 
■ end if 

else • 

if w^ri^ '** wt then ' 
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4. [^Exclude s fi]] 


5* [Retuxnj 


output P U t 
return 
end if 
els® 

n^[i] 

if ™-Cij “ ”1 thsn 
1 

"eti]' 

retuam 
end else 

if «ji] > m then 

V 

T « n^ fi + lj } 

PROPCi 4- 1, m, P, T)j 

return* 


output P U 


(‘j 


3*5*6 Allocation of Selected Shapes 

Allocation of all the *seiect©d*|khapes* of a set always 
proceeds along the width direction of the resource t*e* stock, 
in such a manner that for each allocation the wastage is ffllninium* 
This requires that each piece be placed in close contact with 
the profile of the resource* In the following sections the 
placement policy and the allocation procedure are discussed in 
this respect* 

3*5*6*l Placement Policv t The ‘allocation profile* of the 
resource Is the ‘front* produced by the rightmost pieces which 
are exposed to the part of the resource not yet used* Figure 5 
provides examples of profiles indicated by hatched lines* 
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All the selectedji^hapes are allocated in accordance 
with a prefixed placement policy* The placement policy has to 
satisfy all the required constraints on the layout* 

The policy states that the allocation of pieces always 
starts f^m the lower most edge the stock and proceeds 

in upward direction till the upper most edge (vL-^) is reached 
(Figure 5(1))* A piece is always allocated adjacent to the last 
allocated piece at a position yrtiich produces the left most 
allocation (Figure 5(ii))* After every allocation, the 'alloca- 
tion profile* of the resource is modified to include the right 
most profile of the last allocated piece* The policy ensures 
that all allocated pieces are clubbed together vdth minimum 
waste space between th^m* 

Compu ta ti onal Ef f i ciencv 

In order to Improve efficiency of computation without 
losing optimality of the solution very much, it is proposed that 

next allocation always occurs at the raaximiM y coordinate of the 

V 

last allocated shape as indicated Figure 5* This 

allocation position along the y axis is specified for each sub- 
problem too whmei they are generated and whenever a new sub- 
problem is invoked, the next allocation always begins from that 
allocation position* 

3»5*)S*2 Alio cation Proeedure t -Let 'denotes an instanta- 
neous allocation of a piece on the resource* Then an alloca- 

tion is a successor of If it is obtained by arranging 
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one of the unallocated pieces in according to the placement 
policy. 

Given an instantaneous allocation let the space 
available, space (A^), be the area on the right side of the 
profile i.e. the area which may be used to allocate a piece 
As an example. In Figure 6 the area a2 will not be considered 
usable any more. Then the ’added waste' in A| as a consequence 
of the allocation of is defined as 

added waste (A^) » area of space (Aj^^.j ) 

• jjirea of space (A^) + area of f 

After all the shapes have been allocated, the wastage 
produced is computed by two methods*. 

1» Relative Waste ? It is given by 

Relative waste ** (WS^lg •• area of all the allocated 

pieces)/WS#lgt 

WS and 1. are respectively the width of the resource 
and the length of the layout, that is, in the final allocation 
the whole area between the pieces and the rectangle with sides 
equal to the given width of the stock and a length suffici«it 
to wholly include all the pieces, will be considered as waste* 
Albano and Sapuppo [i2] have proposed this method of finding 
the waste* 

2*. Absolute Waste ! ' It is computed as 

Absolute waste waste (A|^)/WS*LS, 

where 

Waste (Aq) » 0, 

and 





Waste (A^) 
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*s Waste + Added waste (A^). 

The area of the irregular polygonal shapes and the 
resource is computed as follows {Wilson and Farror [l6j)» 

The geometry of all the shapes and the resource is 
represented by line secpnents passing between vertices Cx^, Yf )# 

i * 1, and (xfj, yj^) *= (x^ y^). Then their areas are 

given by 

N 

Area « * F^(y^ + 0.5 ♦ G^), 

ittx^ 

where 

''i * ’'i+1 - 

and •* **■ '^ 1 * 

The optimal allocation problem is transformed into the 
search of a 'selected shape* | given 'allocaticm profile* of the 
resource and position along the y axis at which next allocation 
will occur for which the *added waste* is minimiaa. This opti- 
mality test is carried out for two orimtations Oo and ISO® of 
each * seleetedfiihape* • 

Nearest neighbour appajach has been adopted for finding 
allocations for each selected shape. The algorlthni to implement 
it is given below. 

Alooritlsa for Allocation of Selected Shapes 
While list SELECTED is not empty do 

' J ^4- IT 

- for eachiMteie in list SELECTED r.Mt r 

- for each orientation of 0« and 180® 

- allocate piece tentatively! 




38 


- find ’ added waste* | 
end for 
end for 

• select shape for which ‘added waste* is rainimura} 
allocate the piece finally} 

<• modify the allocation profile of the resource} 

•• store new oitiinate position for next allocation} 

- modify list SSLECTED} 
end while* 

3*6 Interactive Plaeaaent of Tinv Shapes 

Whenever an irregular shape is allocated on a stock, 
some part of the stock goes waste* The profile of this waste 
part of the stock is stored after every allocation* Here a 
simple heuristic is applied vdiich decides whether to store this 
profile or not# The area of the waste part is compared with 
the minimum area of all the tiny shapes and if it is found 
greater tthan the profile is stored. Figure 7 shows three waste 
parts t# 2, 3 and their profile# in hatched lines# 

Interactive features of this program allow user to 
locate any waste part on the scre« with the help of a locating 
device^ then pick up any tiny shape and moved it on the ncxem" 
with the help of the locating device# The user can also rotate 
the shape by any angle# Here interactive part is like a tool 
which assists user in rotating and moving any tiny shape on the 
screen* It does not help the user in deciding which shape to 
pick* which can be feasibly allocated inside a waste pocket# 

It Indicates to the user whenever any shape overlaps other shapes# 





CHAPTER IV 


IMPLEMENTATION DETAILS 


4*1 Software Details 

The program for the present woric has been writt®^ in 
*C* langyage on * Omega 58000* system. Advantages of using *C* 
language are that the program execution is faster because it is 
a relatively *low level* language and it is very well supported 
by Unix operating syst®n. Moreover it is independent of any 
particular machine architecture and therefore portable programs 
can be written easily. 

For graphics input and output system routines ’ wgread* , 
•wline* and *wdbyte* have been used# Graphics output is dis- 
played in windows which are created and run under the window 
managment syst^n# For menu creation, display and command 
picking *pickm€»iu* syst^n routine has been used. The interactive 
placement of tiny shapes has be^ implemented using raster oper- 
ations for which *wrasop* system call is invoked. 

The program is user-^friendly and includes suitable 
prompts and error messages to guide user in running it. Chi line 
help has been provided with each m«niu display. The program 
includes a *2Modeller* for creating any twe^dimehsional poly- 
gonai gefflaetrical shape interactively on the screen*. The 
geometry may consist of straight lines* horizontal lines, ver- 
tical lines and arcs of a circle. Details of it and how to use 
the main program are given in the next two sections. 
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This prograni helps user in defining a two-dimensional 
shape which can be created interactively on the graphics screen* 
Procedures to draw straight lines, horizontal lines, vertical 
lines, arc of a circle given its centre and subtended angle and 
arc through three points have been implemented. User can 
select any of these procedures by selecting the corresponding 
command from a menu# Arcs are approximated by straight line 
segments# An error message is displayed in window ’Error 
Window* whoever user commits any mistake* 

All the shapes should always be defined in anticlockwise 
direction* Arc of a circle given its center and angle is also 
dram anti-clockwise# Maximum number of sides in a shape should 
not exceed 30# Details of how to use this package are given in 
the next section# 

4# 3 How to Use the Proaraa 

The program should be run under the Mndow Management 
System# The program can be inwked by typing ‘a# out*# A 
pitaapt message is displayed which prompts user to press button 
A on the puck for displaying the top level menu# This menu 
has following ctsramands available# 

I# Profile Generation and Processinq i Using this command, 
two-dimensional geometrical shapes can be defined and data 
stored in a file oir if the data is already available in a file 
then they can be read from, that file# Each created shape is 
called a segmKWtt* Maximum number of shapes which can be created 
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is 20, Three windows i.e. ‘Display Window* , 'Proropt Window* and 
•Error Window* are created on the screen. When this coramand is 
selected another menu is displayed in which following commands 
are available. 

Create Segment ! It is for defining two-dimensional poly- 
gons interactively on the screen using a locating device. 

The polygons can have upto 30 sides only. User can select any 
of the following commands from the menu which is displayed wh®i 
the eoimnand is selected. 

(^5 MSSS* This is for selecting the starting point. User can 
locate and then select a point on the screen by pressing button 
B* Mo point is selected if any other button is pressed. Coor- 
dinate position of the locating device is also indicated on the 
screen. It is to be noted that first cosEnand should always be 
•Move* command for defining any new shape. 

MUS* ^ drawn frma the last point to the curr- 

ently selected point whenever button A is pressed. More than 
one point can foe selected but at the last point, button B should 
be pressed to quit the ccmsmand. 

Ciii) Arc t It is for creating an arc of a circle. Input 
parameters are center of the arc and its angle. A point for 
the Center can be selected by pressing button B. A message will 
prompt user tO' Input angle of the arc which should 'be in degrees* 
The arc i® converted into straight line segnents. 

Are-3Pt t It is for creating an arc through three points. 
Only two points need to be defined. Button A should be pressed 
for the first point and B for the second one. Again the arc is 
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converted into straight line segments* Arc may be in any direc- 
tion depending upon positions of points* 

It is for drawdng a horizontal line through the 
last point* Button B should be pressed* 

'^M.in.e i It is for drawing a vertical line through the 
last point* Again button 8 should be pressed. 

Polygon t A side of a polygon is dravm whenever button 
A is pressed* When button B is pressed the polygon is closed 
autoRiatlcally and the command is gult* 

(viii) Pelete i The last line dravm can be deleted by selecting 
this coraraand* 

(ix) Cltine ? It is for closing a polygonal shape by a 
straight line* 

^55) Qu iti It is for quitting the ♦Create Se<paent* coionand* 

In case^ if a wrong command is selected th«:i that 
command can be quit prematurely by locating the cursor inside 
a small window in the left -top comer of the ’Display Window* 
followed by pressing of button A* 

(B) - Store Saqaient i Etferfy time a new polygonal shape is 
created^ it should be stored by selecting this c<waand* Her# 
user will be prompted to give his/her choice of any orientation 
of the created shape other than the preferred orientation* 

User should respond with *y* If he/she wants otherwise *n** 

The default response is *n** 

(C) Cl'ear i It clears the ’Display Window* • 

Wriif I When tWls command is selected it creates a default 



file *Data* if it does not exist or deletes its contents when 
it already exists. All the relevant data pertaining to descrip- 
tion of a shape like its length, width, area, nisEher of pieces, 

X and y coordinates of the vertices, indexes of maximurai and 
minimum x, y coordinates are stored in the file ’Data’ in that 
order, 

(E) Read i It is opposite to ‘Writs* command described above* 
The default file ’Data’ containing description of shapes can 

be directly read using this ccwmsand and then 'Mesting Automatic* 
command, described below, can be selected, 

(F) Delete Secgneat t It deletes a se^ent from the list of 
stored segments when its segment number is input, 

Qoiete All t It deletes all the stored segments, 

2, Nesting Automatic i This command is for automatic nesting 
of shapes. User is prompted to type *y* if he/she wants to 
separate tiny shapes fwam the automatic nesting procedure other- 
wise *n*. Here default is ’y*. If user* is response is *y* then 
a prcmipt message will ask him/her to type value of the weightage 
variable K which should not be more than 1,0 (see Section 3,4), 
After doing the statistical analysis, if the procedure finds 
tiny shapes, they will be separated and all big shapes will be 
displayed in ’Nesting Window* * User should press return to 
continue. 

Nesting Interactive t When this command is selected all 

tiny shapes with their number of unailocated pieces and areas 
are displayed on the screw# Usergcan pick any tiny shape for 
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arranging it interactively by typing its number which is same 
as number of the window idii which that tiny shape is displayed* 

A menu is displayed when button A is pressed* During the inter— 
activei&placement of a shape if that shape overlaps any other 
allocated shape then their points of intersections will become 
invisible on the screen giving an indication to user about the 
overlap* 

Fill Waste t Any valid waste pocket can be filled using 
this command. The waste pocket can be selected on the screen 
itself by positioning the cursor inside it followed by pressing 
of button A. If it is a valid waste pocket then its area vdll 
be displayed. A menu is displayed when button A is pressed. 
Using ’Pick* command of this menu, any tiny shape can be picked 
and then moved anywhere on the screen by moving the puck while 
keeping button A on it pressed. Button C should be pressed in 
order to quit the command ’Pick*. If placement is not satisfac- 
tory then that tiny shape can be erased from its position by 
selectingt’Hrase* command or conversely if it is satisfactory 
then ’Store* command should be selected. The latter command 
decreases number of unallocated pieces of that tiny shape by 
one and displays it 4n the scre^mn in its window. 

(B) Interactive Placement t After filling all waste pockets, 
user can selecttlihis command if any tiny shape is still unallo- 
cated* Using this coimaand ha/she can arrange a shape In the 
unallocated space of the stock. There is ho great distinction 
between this ccKmaand and the previous conmiand except that in the 
previous case user will have an option to either store or erase 



image of an interactively arranged tiny shape. In this command 
an allocation of any shape will always be stored when this 
command is qyit. Using both the commands a shape can be 
arranged anywhere inside the stock irrespective of the waste 
pocket which was selected for filling. 
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RESULTS AMD DISCUSSION 

5«t Experimental Results 

The program was run to find optimal pattern layouts for 
rectangular as well as irregular shapes* Their results are 
discussed below* Photographs of the layouts are appan^sd for 
each example* Here the numbers shown in the photographs corres- 
pond to the hierarchical number of the successive sub-problems 
which were generated in each case* The pieces which are not 
numbered are those which were declared tiny by the program and 
arranged interactively* Results of all the layouts are given 
in Table 1 • 

Figure 8 shows the layout obtained for rectangular 
shapes* Figures 9 and 10 are the layouts for shirt and trousers 
patterns respectively* The descripti<»is of these patterns were 
obtained from the Ordnance Parachute Factory, Kanpur* Figure 11 
shows a mariced improvement in the layout of trousers patterns 
when the interactive facility of arranging tiny shapes is 
utilised* 

Figures 12 and 15 provides examples of layouts for two 
different cases, generated using the pieces considered by 
Albano and Sapuppo [12] (Figures 14 and 17) for their results* 

A comparison between their results and results obtained by 
adopting the present approach is given in Table 1* Exact 
figures cannot be givmn because the piece descriptions were 
obtained from Albano and Sapuppo’s layouts* 
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Results of layouts 
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It can be sem by referring to the Table 1 that figures 
of the 'Relative Waste* in both the cases using the present 
approach are quite near to those of Albano and Sapuppo# On the 
other hand present approach is more efficient than their approach. 
The computation time it takes is proportional to the suraaation 
of the square of the number of pieces at the same hierarchical 
level which are automatically allocated by the ccMputer. For 
instance there are 5 pieces at hierarchical level 1 while at 
level 2 there is only one piece (Figure 12). On the other hand 
the computation time in Albano and Sapupo*s approach is propor- 
tional to the number of generated nodes. These figures are 
also given in the Table 1 in the coliimns 9 and 11. 

5.2 Limitations of the Methodology 

The methodology adopted in the present work is based on 
certain heuristic rules which suggest good solution in most of 
the cases in reasonably good c<»nputational time. Nevertheless 
it hasifsome limitations which are always there with any heuristic 
problan solving method. 

As such the present apparoach has limited scope for strip 
layout paroblsms because of its emphasis on optimum allocation 
position of a shape rather than its optimum orientation. Ev«i 
in stock layout problems involving only single ccwaponent this 
methodology may not suggest good layouts. 

The restriction that the next allocation should always 
occur at the maximum y coordinate of the last allocated piece 
may sometimes leave waste space between two adjacent pieces. 
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CHAPTER VI 


COMCLUSIONS 


6*1 Sunsnarv 

An approach has been described for optimal layout of 
both irregular as well as rectangular two-dimensional shapes 
into a rectangular stock using heuristic method. The aigoritlm 
produces an approximate solution which proves to be of good 
quality and efficient in terms of computer time* It worsts by 
hierarchically decomposing original problem into many sub- 
problems such that solution of each vd.ll imply a good solution 
of the original profoiem* 

Four different modules for the solution i.e* creation 
of two-dimensional shapes, separation of tiny shapes, automatic 
nesting of all big shapes and interactive arrangemmt of tiny 
shapes, have been identified and implemented* All the modules 
are interactive and user-friendly* 

The approach can be extended to solve problans where an 
irregular stock is considered and more complex constraints are 
included in the placement of the pieces* The progjsm has foe^ 
tested thoroughly for various examples* Its performance indi- 
cates that it favourably compares with that of Albano and 
Sapuppo 12 and is more efficient* 
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6*2 Scope for Future r/orfc 

Following modifications and additions in the approach 

are suggestedg^for further work. 

a) The algorithm can be modified to find all possible subsets 
(selected shapes sets) of a * candidate shapes set* which 
can be feasibly allocated on the stock or a sub-part of it 
while satisfying all the constraints. The nearest neighbour 
approach can be applied to each subset in turn and that 
subset selected which produces the most optimum allocation. 
This will improve the results. 

b) A tree-search appi^ach can be used for finding optimum 
allocation for each shape in * selected|sjSihapes set* which 
v/ould allov/ backtracking and give better results. 

c) The approach can be extended for solving three-dimensional 
allocation problems which are oftari met in applications like 
railway freight transportation and arrangement of crates in 
warehouses. 

d) It can be extended for solution of problems for an irregular 
stock and subjected to more complex constraints. 

e) The program can be altered to shift pieces along the y-axis 
so that they can be clubbed together along that axis too. 

f) To reduce the ’Relative Waste* further, the last allocated 
right most shapes can be rotated by 90® and arranged along 
the width of the stock. 
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